Abstract: The effect of rare earth oxides on the microstructure and corrosion behavior of laser-cladding coating on 316L stainless steel was investigated using hardness measurements, a polarization curve, electrochemical impedance spectroscopy (EIS), a salt spray test, X-ray diffraction, optical microscopy, and scanning electron microscopy (SEM). The results showed that the modification of rare earth oxides on the laser-cladding layer caused minor changes to its composition but refined the grains, leading to an increase in hardness. Electrochemical and salt spray studies indicated that the corrosion resistance of the 316L stainless steel could be improved by laser cladding, especially when rare earth oxides (i.e., CeO 2 and La 2 O 3 ) were added as a modifier.
Introduction
As a popular and modern surface modification technique, laser cladding has many advantages, such as high metallurgical bonds with the substrate, few cracks and voids in the coating, and low energy input [1] . Rare earth oxides, some of the hottest modified materials used in the laser-cladding process, can not only optimize the microstructure and refine the grain, but can also improve fatigue, oxidation, wear, and corrosion resistance in various service environments [2] [3] [4] [5] . This has resulted in laser cladding (using the modification of rare earth oxides) becoming a widely used coating preparation method [6] [7] [8] .
Often, 316L stainless steel is used in marine environments, and it is a common manufacturing material for important ship components [9, 10] . Nowadays, severe corrosion has been found on the materials used in the South China Sea region as a consequence of its unique atmosphere (i.e., high temperature, relative humidity, and UV light). For example, serious pitting corrosion has been observed on pipelines, which can lead to pipeline leakage and thus severe accidents. Specifically, high-pressure pipelines such as liquid hydrogen, gas supplies, and hydraulic pressure may cause serious accidents if corrosion occurs [11] . Thus, it is imperative to improve the corrosion resistance of the 316L stainless steel used in the South China Sea region. Presently, much research has been done to improve the corrosion resistance of 316L stainless steel. Dong et al. [12] reported that the corrosion resistance of 316L stainless steel could be increased by Ce element alloying at an optimal amount of 0.015 wt %. The work conducted by Zhong et al. [13] showed that the formation of a Stellite-F alloy cladding layer on the surface of 316L stainless steel could improve its corrosion resistance. In addition, other works on the surface modification of other stainless steels (e.g., an Fe-based cladding layer on the surface of 35CrMo steel [14] ) have shown that laser cladding enhances their corrosion and wear resistance [15] [16] [17] . Meanwhile, research regarding the effects of rare earth element alloying on the mechanical properties of materials has been performed. Liu et al. [18] , who studied the effect of Ce alloying on the microstructure and mechanical properties of the Fe-Cr-Al alloy, found that the addition of Ce could greatly refine grain. When the Ce content reached 0.02 wt %, the tensile strength and elongation of the Fe-Cr-Al alloy reached maximum values. Niu et al. [19] fused a cobalt-based powder modified by CeO 2 onto the surface of 316L stainless steel, and their results showed that the mechanical properties of the 316L stainless steel were the best when the additional content of CeO 2 was 1.5 wt %. Song et al. [20] also found that when La was added as a modifying agent and its content was 0.6 wt %, the ADC12 alloy had the best inoculation effect and highest thermal crack resistance.
In the present paper, several new laser-cladding coatings on the surface of 316L stainless steel were developed: rare earth oxides were added to not only improve the mechanical properties of the laser-cladding coating by refining grain, but also to increase the corrosion performance in simulated marine environments. In comparison to corrosion behaviors in a series of electrochemical methods and corrosion tests, a more proper rare earth oxide for the surface modification of 316L stainless steel using laser cladding was determined.
Experimental Methods

Preparation of Laser-Cladding Layer
The material used was 316L stainless steel with dimensions of 150 mm × 10 mm × 8 mm. The sample was cleaned with alcohol, mechanically polished using 200-and 600-mesh SiC paper, and finally rinsed with alcohol again. The powder used for laser cladding was 316L stainless steel powder with and without the addition of 2 wt % CeO 2 or 2 wt % La 2 O 3 . After mechanical mixing, the average particle size of this mixed powder was 125 ± 25 µm. The powder was then dried at 150 • C in an oven for 1 h. The chemical composition of the 316L stainless steel powder was the same as that of the 316L bulk material to ensure a better metallurgical compatibility of the cladding layer with the bulk material, as shown in Table 1 .
The cladding layer was prepared on the surface of the 316L stainless steel using an HGL-6000 CO 2 gas-type laser. The diameter of the laser spot was 3.5 mm, the laser power was 3000 W, and the scan rate was 300 mm/min. 
Electrochemical Test and Surface Observation
After laser cladding, the samples were cut into coupons with dimensions of 10 mm × 10 mm × 8 mm and then analyzed using a DX-2000 X-ray diffractometer (Palmer, Naco, Netherlands) to identify whether or not new phases formed in the laser-cladding coating. After the samples were etched with aqua regia, their microstructures were observed using a TK-C1381 metallographic microscope (Carl Zeiss, Bonn, Germany) and a Zeiss-ΣIGMA HD field emission scanning electron microscope (SEM) from Carl Zeiss, Bonn, Germany.
The hardness measurements were performed on the cross-sections of the laser-cladding samples using an HVS-1000 digital microhardness tester with a load of 1000 g and a loading time of 5 s. The interval of the measurement was 0.02 mm.
The electrochemical corrosion behaviors of the 316L stainless steel with or without a laser-cladding coating were studied using an electrochemical workstation system. A three-electrode electrochemical system was employed with a saturated calomel electrode (SCE) as a reference electrode, a Pt plate electrode (surface area: 1cm 2 ) as a counterelectrode, and stainless steel samples as a working electrode. Prior to electrochemical tests, the sample was sealed using 704 silica gel with a total exposed surface area of 1 cm 2 , mechanically polished using 200-1200-mesh SiC paper, and then rinsed with water and alcohol. The corrosive medium used was 3.5 wt % NaCl solution (prepared using 99.9% analytical-grade NaCl). The temperature was room temperature,~25 • C, and the scan rate for the polarization curves was 0.167 mV/s. After 3 h immersion in this solution, when the steady state was achieved, electrochemical impedance spectroscopy (EIS) measurements were performed over the frequency range 10 5 -10 −3 Hz using an electrochemical workstation. The validity of the impedance spectra was checked using the Kramers-Krönig transformation. A salt spray test was performed at 35 ± 2 • C and 85% relative humidity using HDYW-100 composite salt fog, in which the NaCl concentration was 50 ± 5 g/L and the solution pH was 6.8 ± 0.3. The total exposure time for the salt spray test was 96 h. Figure 1 shows the XRD results of the cladding layer before and after the modification of different rare earth oxides. It is clearly shown that the addition of rare earth oxides did not change the phase composition of the cladding layer, which was mainly composed of an Fe-Cr-Ni-C austenite phase. This indicates that the added rare earth should be present in the form of a solid solution state in the cladding layer, since the operation temperature of the laser cladding is far beyond the melting temperature of rare earth oxides (the melting temperature of CeO 2 and La 2 O 3 is 2400 • C and 2315 • C, respectively, and the highest temperature of the spot center can reach about 2800 • C with 3000 W of laser power [21] ). 
Results and Discussion
XRD Analyses
Microstructure
To characterize the quality of the laser-cladding layer, macroscopic cross-sections of the 316L cladding samples were cut, as shown in Figure 2 . It is clear that there were three areas, identified as a coating zone, a heat-affected zone, and a 316L stainless steel substrate zone. The cladding layer was evenly distributed in the coating zone, without any pores, cracks, or other defects, suggesting that it formed a good metallurgical bond with the substrate. This was consistent with observations of the microscopic cross-sections of the laser-cladding 316L stainless steel samples using optical microscopy and SEM (Figures 3 and 4) . Besides this, the grains of the cladding layer in the coating zone modified by rare earth oxides were refined (Figure 3b ,c) compared to those with no addition of rare earth oxides (Figure 3a) , and grain refinement through CeO 2 modification was better than that done through La 2 O 3 modification. This might have been relevant to the involvement of rare earth in grain nucleation, crystallization, and growth.
The critical radius of grain nucleation, r k , can be defined as
in which δ is the interfacial surface tension, and ∆H is the enthalpy change per unit volume. Since the electronegativity of rare earth (i.e., Ce and La) is extremely strong [22] , it could easily fill in the surface defects of the liquid metal alloy phase formed during laser cladding, and thus it decreased the interfacial surface tension, leading to a decrease in the critical grain nucleation radius and an increase in the crystal nucleus. On the other hand, the rapid condensation of laser cladding made the completion of grain crystallization rapid before the coarse growth of the grains, leading to grain refinement [23] . The solid-solution rare earth present in the cladding layer in the coating zone might also have contributed to this process. Figure 4 shows the top, middle, and bottom images of the laser-cladding layer in the coating zone at higher magnifications using SEM. As the cooling rate of the laser-cladding layer during melting increased from the top to the bottom, its microstructure changed significantly, from equiaxed crystal to dendrite crystal to planar crystal. This phenomenon became prevailing when rare earth elements such as Ce and La were added and involved in this process. Compared to the sample with no modification of rare earth elements, grains of the samples with a modification of rare earth elements were greatly refined, especially when CeO 2 was added.
After the laser cladding was applied, the microstructure of the cladding layer in the coating zone was dependent on the supercooling of the components at the solid-liquid interface frontier, the temperature gradient (G), and the solidification rate (R) in the liquid at the interface frontier [24] . The ratio of the temperature gradient to the solidification rate, G/R, was the largest at the interface of the melted laser-cladding layer and the 316L stainless steel substrate, decreasing successively toward the surface of the melted laser-cladding layer. The greater the G/R was, the larger the supercooling rate was, which indicated that the supercooling rate at the interface of the melted cladding layer and the 316L stainless steel substrate was the largest, leading to the formation of a metastable phase at the interface (i.e., a plane crystal at the laser-cladding layer/316L stainless steel interface). When the supercooling rate continued to decrease, precipitates with a dendrite structure formed and grew. As the melting laser-cladding/air interface approached, the supercooling rate of the melted components continuously decreased, and new nuclei formed and grew as equiaxed crystals. Although the addition of rare earth oxides did not change the grain composition and arrangement in the laser-cladding process, it changed the grain size greatly. Since the atoms of rare earth elements have a large radius and their solubilities in the cladding layer are small, it is hard for XRD to detect them (Figure 1) . However, the rare earth present in the form of a solid solution state accumulated at the grain boundary, inhibiting the recrystallization process by restricting grain growth and reducing secondary dendritic spacing, thus refining the grain.
Hardness Measurements
To ensure that the hardness of the laser-cladding layer did not change, hardness tests were performed from the coating zone to the 316L stainless steel substrate, as shown in Figure 5 . It is obvious that the hardness of the laser-cladding layer increased, especially when rare earth oxides were added. The cross-sectional images of the laser-cladding samples in Figures 3 and 4 clearly show that the grain size decreased from the coating zone to the 316L stainless steel substrate zone, which became common when CeO 2 was added. Since the strength of a material is inversely dependent on its grain size [25] and hardness is directly proportional to strength [26] , the hardness in the coating zone was higher than in other areas, especially when CeO 2 was added ( Figure 5 ). Figure 6 shows polarization curves of the 316L stainless steel before and after laser cladding with or without the modification of rare earth oxides in 3.5 wt % NaCl solution. Compared to the 316L stainless steel substrate, the corrosion potential positively shifted, and the passive current density decreased after laser cladding. The relevant parameters are shown in Table 2 , which shows that laser cladding using rare earth oxide modification could significantly improve the uniform corrosion resistance of the 316L stainless steel in 3.5 wt % NaCl solution. However, the decrease in pitting potential after rare earth oxide modification suggested that 316L stainless steel modified by laser cladding has a higher probability of undergoing pit corrosion in aerated 3.5 wt % NaCl solution. After immersion in 3.5 wt % NaCl solution for 3 h, EIS was used to characterize the corrosion process of the 316L stainless steel with or without a laser-cladding layer, as shown in Figure 7 . Generally, there was a single capacitive loop in the Nyquist diagram ( Figure 7a ) and a one-time constant in the Bode diagram (Figure 7b,c) . When rare earth oxides were added, the capacitive loop significantly increased, and the total resistance at the lowest frequency also increased, indicating that the corrosion resistance of the 316L stainless steel was improved by laser cladding, especially when CeO 2 was added. Since passive film can easily form on the surface of 316L stainless steel [27] [28] [29] , the equivalent circuit shown in Figure 8 was used to fit the EIS spectra, where Q is the film capacitance, R p is the polarization resistance, and R s is the solution resistance. ZsimpWin V3.30 software was used for EIS spectra fitting, and the fitting dependency was >90%. The fitting results are shown in Table 3 . After laser cladding, the polarization resistance significantly increased. When CeO 2 was added, the polarization resistance reached a maximum,~300 kΩ·cm 2 . This indicates that laser cladding improved the corrosion resistance as well as the hardness, and CeO 2 modification could further help to increase the corrosion resistance of the cladding layer. Figure 9 shows the corrosion morphologies of the 316L stainless steel samples with and without laser-cladding coatings after a 96-h salt spray test in NaCl solution. Obviously, all of these four 316L stainless steel samples experienced pitting corrosion. Although the pitting events on and size of the laser-cladded 316L stainless steel modified using CeO 2 were less than in the other three samples, the penetration depth of the pits could vary by the laser-cladding type. The differences in the pit nucleation and morphology might have been caused by grain refinement and/or the involvement of rare earth in the formation and repassivation of passive films on the 316L stainless steel [15, 30, 31] . 
Electrochemical Studies
Salt Spray Tests
Conclusions
Our conclusions are as follows:
• Laser cladding is a promising surface modification technique that can not only increase the strength and hardness of the surface coating of 316L stainless steel through grain refinement but can also improve its corrosion resistance in harsh environments such as concentrated NaCl solutions; • The modification of rare earth oxides on a laser-cladding layer can further increase hardness and corrosion resistance, and a CeO 2 -modified laser-cladding layer is better than one that is La 2 O 3 -modified. Funding: This research received no external funding.
